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In this work, a writing scheme with preceding negative pulse wave form for toggle magnetic random
access memory MRAM is proposed to enhance the switching yield and enable a low current
switching. The failure mechanism of toggle switching is studied by micromagnetic analysis. As a
result of broadened operation window and reduced switching current, the scalability of MRAM is
feasible with the robust toggle operation. © 2006 American Institute of Physics.
DOI: 10.1063/1.2181628The magnetic random access memory MRAM has the
advantages of nonvolatility, high access speed,1 high
density,2 and complementary metal-oxide-semiconductor
process compatibility, making it suitable for embedded
memory application.3 Due to process variations, such as li-
thography, thin film stress, etc., the conventional cross selec-
tion asteroid MRAM Ref. 3 encounters a severe writing
disturbance problem. In order to reduce coercivity Hc
variation and to increase array quality factor Hc /Hc, the
single magnetic free layer is replaced by a synthetic antifer-
romagnetic SAF layer composed of two antiferromagneti-
cally coupled layers.4 Since the SAF free layers form a close
magnetic flux and the two coupled layers tend to be of single
domain, the kink-free R-H loops are obtained and the switch-
ing property is therefore improved. The spin flop phenom-
enon of the two antiferromagnetically coupled layers was
studied by analytical and micromagnetic analysis.5 It is
found that the two antiparallel layers will rotate to be or-
thogonal to the external field. On the other hand, a great
breakthrough of MRAM technology by the toggle or
“Savtchenko” switching mode6 can substantially improve the
writing selectivity by combining both the 45 deg rotated cell
and the SAF free layers. In addition, the thermal stability of
the SAF free layer in magnetic tunneling junction MTJ
device is enhanced as compared to the single free MTJ de-
vice. Recent progress on the toggle MRAM has demon-
strated the scalability to the 90 nm node.7 However, the
toggle MRAM still suffers from high writing current to ro-
tate the free layers. Besides, toggle yield loss8 will be one of
the major bottlenecks to push MRAM into mass production.
The purpose of this work, therefore, is to reduce writing
current for the toggle MRAM and improve the writing yield.
Applying a magnetic field in the easy axis direction is an
effective way to reduce writing current.9 The simplest way is
to generate a bias field from the unbalanced pinned layers of
MTJ stacks by adjusting the thickness of bottom pinned BP
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writing curves is verified by a micromagnetic simulation, as
shown in Fig. 1b. The micromagnetic model is based on the
gyromagnetic equation with Landau-Lifshitz damping,10
which is expressed as
dM
dt
= − MH −

M
M MH + Hi 1
where  is the gyromagnetic constant,  is the damping con-
stant, and Hi is the thermally perturbed magnetic field. The
MTJ device is composed of four magnetic layers free 1, free
2, TP, and BP of elliptical shape with short-axis length of
0.36 m and long-axis length of 0.60 m, respectively. The
thickness of the two SAF free layers is set to be 30 Å, and
the saturation magnetization is fixed at 620 emu/cm3.
There are two key parameters related to the critical toggle
field. One is the interlayer exchange coupling between two
SAF free layers, denoted as J12, which is set to be
−0.011 erg/cm2. The other parameter is the intrinsic aniso-
tropic constant for each SAF free layer, denoted as Hk, which
FIG. 1. Color online a Schematic of the MTJ stacks for a toggle cell with
various thickness of the bottom pinned layer to generate the bias field and
b micromagnetic simulation of switching characteristic on different thick-
ness of the bottom pinned layer and the corresponding field definition
inset.
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fixed at 30 Å, and the thickness of BP is varied to be 30, 34,
and 38 Å for generating different bias field on SAF free lay-
ers. Furthermore, the field HWORD generated by the word line
and the field HBL generated by the bit line are oriented at the
direction of 45° and 315° with respect to the easy axis of the
SAF free layers which are shown in Fig. 1b inset. The
HWORD and HBL are perpendicular to each other and gener-
ated with a time delay wave form shown in Fig. 3a. In
order to simulate the trend on toggle field with different
thickness of BP, the thermal effect is ignored in Fig. 1b to
be at T=0 K. The toggle boundary is shifted closely toward
the axis as the thickness of BP increased which means the
critical writing field can be smaller. The amount of the shift
curves is related to the bias field generated from BP, in good
agreement with the experimental observation. However, the
generated bias field cannot be unlimitedly imposed. When
the bias field becomes higher, i.e., MRAM can operate in the
lower writing current mode, the toggle yield degrades.8 The
faulty toggle phenomenon may result from the disordered
magnetic moments from a micromagnetic simulation at the
quiescent state before toggle writing as shown in Fig. 2. The
disordered magnetic moments, especially around the end do-
main regions, are due to the repulsion of the strong bias field
and will rotate across a so-called critical axis. The critical
axis is in the same direction of HWORD. When the MTJ is
under thermal influence, the moments may excite and rotate
beyond the critical axis. As HWORD is near, the SAF free
layers may spin flop unintendedly and thus the toggle failure
phenomenon happens. Figure 3a exhibits the unintended
way of such toggle failure at a strong bias field. The incorrect
status of magnetic moments beyond the critical axis may
possibly occur at moderate bias field and high temperature.
As the first pulse coming, the only HWORD field forces SAF
free layers to rotate counterclockwise, which is not intended.
Next, the wave form of HBL is delayed for a few nanosec-
onds to guide the flopped SAF free layers clockwise. Due to
the repulsion and thermal excitation, the stuck-at failure for
such wave form happens. In this work, a wave form for
toggle MRAM with preceding negative pulse NP set prior
to the normal toggle wave form is proposed, as shown in Fig.
3b. The NP is to dynamically cancel the influence from the
strong bias field and to modulate the random end domains to
the required initial state. This procedure forces the domains
to rotate clockwise and is essential for toggle operation.
Once the required initial state of magnetic moments is ready,
the following normal toggle wave form guide flopped mo-
FIG. 2. Color online Micromagnetic simulation of the quiescent state at
strong magnetic bias field generated from bottom pinned layer before toggle
writing.ments rotating in the intended way and finally the SAF free
Downloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject tolayers can be toggled. The bidirectional current pulse flowing
in the bit line is also helpful to ease the electronic migration
problem. Once the toggle accuracy is improved at strong bias
field, the MRAM chip can be operated in a low writing cur-
rent mode.
To achieve optimum switching behavior, the magnitude
of NP is suggested to be proportional to the bias field im-
posed on the SAF free layers. In order to reduce the com-
plexity of circuit design, the magnitude for each polar cur-
rent pulse on the bit line is set to be equal in the
micromagnetic simulation, i.e., a=b defined in Fig. 3b.
Figures 4a and 4b show the comparison of simulated
switching characteristics between conventional toggle wave
form and the proposed NP wave form, respectively. The
thickness of the two SAF free layers is set to be 20 Å, and
the saturation magnetization is fixed at 900 emu/cm3. The
other parameters in simulation are Hk of 5 Oe and J12 of
−0.02 erg/cm2. Besides, the MTJ device is under a relatively
strong bias field of BP=37 Å and in the condition of high
temperature of 85 °C to highlight the influence of thermal
excitation. In Figs. 4a and 4b, each simulated point rep-
resents the statistic of ten repeatedly writing operations at
certain HWORD and HBL field. The toggle wave form is com-
posed of HWORD and HBL with 2 ns offset and 2 ns overlap.
As a result shown in Figs. 4a and 4b, the toggle mode has
a much wider operation window for a toggle MRAM with a
NP wave form than the conventional scheme. Especially, the
boundary between the toggle region and soft error region is
inert to the thermal perturbation. Figure 4c shows the ex-
perimental result of the toggle yield for repeatedly switching
at the necessary design condition for low writing current, i.e.,
low anisotropy constant Hk and weak exchange coupling J12.
The size of the element is 0.360.60 m2. The TP is com-
posed of CoFe and CoFeB with total thickness of 30 Å. The
BP is CoFe with varied thickness. The other parameters for
NiFe SAF free layers are Hk of 3 Oe, free 1 thickness of
31.5 Å and free 2 thickness of 30 Å. The soft error phenom-
enon as can be seen in the solid square symbol in Fig. 4c
was observed, which degrades the toggle yield. The statisti-
FIG. 3. Color online a Writing operation of toggle MRAM with conven-
tional pulse wave form at a strong bias field and b with a proposed pre-
ceding negative pulse writing scheme.cal results were measured by repeatedly writing four times
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current was reduced by increasing the thickness of bottom
pinned layer. The wide toggle window was obtained and the
toggle yield was efficiently enhanced to 100% by imple-
menting the preceding negative pulse toggle wave form, as
shown in solid circle symbol. The peak of 100% yield for
moderate bias field of BP=36 Å with a NP wave form also
provides superior writing margin of 2 mA, which is help-
ful for circuit design and mass production. Furthermore, the
stuck-at fault and soft error region in Figs. 4a and 4b can
be minimized by optimizing the configuration of SAF free
layers such as decreasing the magnetization difference be-
tween two SAF free layers and reducing the Néel coupling
field on the free layer adjacent to the tunneling barrier. Once
these regions are minimized, a higher bias field generated
from BP can be further imposed on SAF free layers and the
FIG. 4. Color online Micromagnetic simulation of toggle MRAM switch-
ing characteristics for a conventional toggle wave form, b preceding
negative pulse wave form, and c the comparison of the measured toggle
yield with respect to the bottom pinned layer thickness and related pulse
wave form.switching current can be further reduced. As devices scaling
Downloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject todown, the criterion for thermal perturbation on smaller ele-
ment is getting higher. Besides, the influence on disordered
moments around end domain regions from unbalanced
pinned layers may be worse. Therefore, the enhancement of
toggle yield and operation window for the NP scheme can be
even pronounced.
In summary, with a proposed NP wave form the toggle
MRAM is robust and the operation window is broadened.
The writing current is reduced and toggle yield enhanced.
The scalability of MRAM is feasible based on all these im-
provements with the NP toggle writing scheme and modified
SAF structures.
The authors would like to thank Professor Jimmy Zhu of
Carnegie Mellon University, Pittsburgh, Pennsylvania, for
the powerful micromagnetic software and insightful discus-
sions. This work was supported by the Department of Indus-
trial Technology, MOEA, Taiwan, Republic of China under
Contract No. 94-EC-17-A-01-R7-0508.
1T. Tsuji, H. Tanizaki, M. Ishikawa, J. Otani, Y. Yamaguchi, S. Ueno, T.
Oishi, and H. Hidaka, IEEE Symposium on VLSI Circuits IEEE, New
York, 2004, p. 450.
2C. C. Hung, M. J. Kao, Y. S. Chen, Y. H. Wang, H. H. Hsu, C. M. Chen,
Y. J. Lee, W. C. Chen, J. Y. Lee, W. S. Chen, W. C. Lin, K. H. Shen, J. H.
Wei, L. C. Wang, K. L. Chen, S. Chao, D. D. Tang, and M.-J. Tsai, Tech.
Dig. - Int. Electron Devices Meet. 2004, 575.
3D. Gogl, C. Arndt, J. C. Barwin, A. Bette, J. DeBrosse, E. Gow, H.
Hoenigschmid, S. Lammers, M. Lamorey, Y. Lu, T. Maffitt, K. Maloney,
W. Obermaier, A. Sturm, H. Viehmann, D. Willmott, M. Wood, W. J.
Gallagher, G. Mueller, and A. R. Sitaram, IEEE J. Solid-State Circuits 40,
902 2005.
4Y. H. Wang, W. C. Chen, Y. S. Chen, K. H. Shen, Y. J. Lee, C. C. Hung,
C. M. Chen, H. H. Hsu, W. S. Chen, D. C. Liou, M. J. Kao, L. C. Wang,
C. H. Lai, W. C. Lin, D. D. Tang, and M.-J. Tsai, J. Appl. Phys. 97,
10C923 2005.
5J.-G. Zhu, IEEE Trans. Magn. 35, 655 1999.
6B. N. Engel, J. Åkerman, B. Butcher, R. W. Dave, M. DeHerrera, M.
Durlam, G. Grynkewich, J. Janesky, S. V. Pietambaram, N. D. Rizzo, J. M.
Slaughter, K. Smith, J. J. Sun, and S. Tehrani, IEEE Trans. Magn. 41, 132
2005.
7M. Durlam, T. Andre, P. Brown, J. Calder, J. Chan, R. Cuppens, R. W.
Dave, T. Ditewig, M. DeHerrera, B. N. Engel, B. Feil, C. Frey, D. Galpin,
B. Garni, G. Grynkewich, J. Janesky, G. Kerszykowsky, M. Lien, J.
Martin, J. Nahas, K. Nagel, K. Smith, C. Subramanian, J. J. Sun, J.
Tamim, R. Williams, L. Wise, S. Zoll, F. List, R. Fournel, B. Martino, and
S. Tehrani, Symposium on VLSI Technology 2005, p. 186.
8M. Motoyoshi and H. Kano, Proceedings of the International Symposium
on VLSI Technology, Systems, and Applications 2005, p. 82.
9B. N. Engel, J. A. Janesky, and N. D. Rizzo, US Patent No. 6,633,498 B1
2003.
10W. F. Brown, Phys. Rev. 130, 1677 1963.
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
